generally applicable for tracking metabolomic changes from samples collected in an animal model for studying disease development and treatment. A rat model of surgically induced osteoarthritis (OA) was used as an example to illustrate the workflow and technical performance. Experimental duplicate analyses of 234 plasma samples were carried out using dansylation labeling LC-MS targeting the amine/phenol submetabolome. These samples composed of 39 groups (6 rats per group) were collected at multiple time points with sham operation, OA control group, and OA rats with treatment, separately, using glucosamine/Celecoxib and three traditional Chinese medicines (Epimedii folium, Chuanxiong Rhizoma and Bushen-Huoxue). In total, 3893 metabolites could be detected and 2923 of them were consistently detected in more than 50% of the runs. This high-coverage submetabolome dataset could be used to track OA progression and treatment. Many differentiating metabolites were found and 11 metabolites including 2-aminoadipic acid, saccharopine and GABA were selected as potential biomarkers of OA progression and OA treatment. This study illustrates that CIL LC-MS is a very useful technique for monitoring incremental metabolomic changes with high coverage and accuracy for studying disease progression and treatment in animal models.
. One major advantage of using an animal model is the ability and convenience of monitoring disease progression and treatment outcome using various research tools ranging from imaging technology to biospecimen analysis 3 . For the latter, differing from direct comparison of diseases vs. controls, tracking disease progression and treatment requires an analytical technique to reveal incremental and often small chemical changes at short intervals over a period of days, weeks or months. Because of the requirement of high precision and accuracy in chemical monitoring, current practice is mainly focusing on targeted analysis of a few proteins or metabolites of interest using techniques such as mass spectrometry (MS) combined with various separation tools 3, 4 . On the other hand, untargeted large-scale chemical profiling can greatly increase the information contents. For example, metabolomic profiling can provide a unique insight into the intricacy of the metabolic networks perturbed or altered by the severity of a disease and/or the extent of a treatment [5] [6] [7] . A growing number of studies have been reported on applying metabolomics for monitoring disease progression and treatment in animal models [8] [9] [10] [11] [12] [13] . Even with a limited coverage, these studies have already shown the usefulness of metabolomic analysis in examining metabolic pathway changes as a function of time during disease development and treatment.
In order to realise the full potential of using metabolomics for monitoring disease progression and treatment, there is still a great need to overcome some of the analytical challenges including the need of increasing metabolomic coverage and improving quantification accuracy and precision. In this work, we report the development and application of a high-performance chemical isotope labeling (CIL) liquid chromatography mass spectrometry (LC-MS) method for in-depth submetabolome analysis of samples collected from an animal model of studying disease progression and treatment. A rat model of surgically induced osteoarthritis (OA) 14 is used as an example to illustrate the study design, analytical workflow, metabolomic profiling performance and data analysis method.
Osteoarthritis (OA) is a joint disease with defective integrity of articular cartilage and changes in the underlying bone. It is one of the most prevalent diseases for middle-age to elderly people with conditions such as pain in and around the affected joints, swelling, stiffness, deformity and gradual loss of function 15 . The pathogenesis of the disease is not fully understood 16 . Current treatment is limited to symptom control, pain management and (rarely) surgical intervention. In order to develop specific pharmacological treatment options, finding biomarkers of OA and using them to evaluate the efficacy of a potential therapeutics would be of highly significant 17 . These biomarkers may also provide helpful information for understanding the pathogenic process of the disease at the molecular level 17 . Several metabolomic profiling studies using human subjects and animal models have been reported on the investigation of metabolic responses to OA using biofluids such as urine, plasma and synovial fluids [18] [19] [20] [21] [22] . Li et al. used GC-MS to examine the urine metabolome changes of OA patients vs. health controls and found the levels of aconitic acid, isocitric acid, and citric acid increased in OA patients that might be related to enhanced activity of the tricarboxylic acid cycle (TCA) in cartilage and chondrocytes 18 . Zhai et al. performed targeted analysis of 163 serum metabolites using LC-MS from 123 knee OA cases and 299 controls for initial biomarker discovery with additional 76 knee OA cases and 100 controls for replication study. They found that the ratios of valine to histidine and leucine/isoleucine to histidine could be used to differentiate OA cases from the controls 19 . Adams et al. used both GC-MS and LC-MS to examine the metabolomic differences of cultured human synovial tissue from 11 patients with end-stage OA vs. 11 patients with little or no evidence of disease. They discovered 11 significantly changed metabolites involved with collagen degradation, amino acid/BCAA catabolism, energy metabolism, and lipid and carbohydrate metabolism 20 . Zhang et al. investigated the relationship between plasma and synovial fluid (SF) metabolite concentrations in 69 patients with OA and found that correlation of the concentrations of 168 targeted metabolites analyzed by LC-MS was moderate 21 . Jiang et al. profiled the metabolomic differences of four types of arthritis using GC-MS and LC-MS with 198 annotated features included in statistical analysis. They found elevated energy metabolism and pyruvate to lactate pathway in these samples 22 . However, none of these studies was focused on using metabolomics to monitor OA progression and treatment. In addition, the reported methods based on NMR, GC-MS and conventional LC-MS did not provide wide metabolomic coverage.
In our previous work, we have shown that CIL LC-MS using a rationally designed isotope labeling reagent could increase the metabolite detectability and quantification accuracy significantly for chemical-group-based submetabolome profiling 23, 24 . For example, 13 C-dansyl or 12 C-dansyl chloride could be used to differentially label amine-and phenol-containing metabolites for relative quantification of the amine/phenol submetabolomes with high coverage 23, 25 . Thus, the objective of this current research is to examine the applicability and performance of CIL LC-MS for in-depth profiling of metabolites in biospecimens collected from animal models of studying disease development and treatment. We describe the metabolomic characteristics of OA development in a rat model and report the investigation of tracking metabolomic changes and therapeutic effects of OA treatment by a common therapy of glucosamine and Celecoxib with anti-inflammatory/analgesic activity 26, 27 as well as three types of traditional Chinese medicines used more commonly in Asia (Epimedii folium, Chuanxiong Rhizoma and Bushen-Huoxue) [28] [29] [30] [31] [32] . To our knowledge, there is no report of examining the treatment effect of these medicines on any animal models of diseases using large-scale metabolomics. Figure 1A shows the rat model design and time points for sample collection and pathological tissue imaging analysis. 52 healthy SD rats (26 males and 26 females, 180-220 g) were randomly divided into normal group (6 rats), sham operation group (6), OA group (6), Drug A treatment group by Epimedii folium (6), Drug B treatment group by Chuanxiong Rhizoma (6), Drug C treatment group by Bushen-Huoxue (6), Drug D treatment group by the combination of glucosamine and Celebrex (6) and the pathological evaluation group (10) . Drug treatment started at week 6 after surgery. Supplemental Note S1 describes the rationale of using a mix of both sexes for the rat experiments and our results shown below indicate that sex had no effect on group separation and biomarkers discovered, as the inter-group separations in principal component analysis (PCA) and orthogonal projections to latent structures discriminant analysis (OPLS-DA) plots were generally much larger than intragroup separation of the data obtained from both sexes. This is not surprising as OA is not a sex-biased disease. Because we completely randomized the males and females in these groups, we did not have the record of sex of individual rats within a group. Thus, we could not deduce information of the influence of sex on the proposed biomarkers. Plasma samples were taken biweekly (see Fig. 1B for sample number distribution).
Results

Rat model design.
Rat plasma metabolome. Using the workflow shown in Fig. 2 , a total of 468 12 C-/ 13 C-mixtures were produced from duplicate experiments of 234 samples. Figure 3A shows the results of the total concentration of labeled metabolites in different groups of rats. The average concentrations for different groups were almost the same. However, the concentration of individual samples could vary by as much as 4.2-fold (i.e., between the lowest and the highest). However, most of the 468 12 C-labeled samples (96.2%) had concentrations within the range of > 50% and < 150% of the mean. These extreme cases might be caused by some degrees of hemolysis; we could not find any abnormality in their LC-MS chromatograms such as the presence of intense unique peaks from potential contaminants or degraded peptides. In our work, the sample amount was normalized based on the LC-UV Scientific RepoRts | 7:40543 | DOI: 10.1038/srep40543 quantification results of the labeled samples to ensure that an equal mole amount of 12 C-labeled individual samples was used to mix with the 13 C-labeled pooled sample. These mixtures were individually analyzed by LC-MS and 46 injections of a quality control (QC) sample spaced evenly among the 468 sample injections were also done. Besides sample normalization for increasing the accuracy of relative metabolite quantification, another benefit of quantifying the sample concentration using LC-UV was that the same optimal mole amount could be injected into LC-MS to maximize the number of peak pairs detectable and produce consistent results of overall signal intensities from individual samples. Based on the number of peak pairs detected as a function of the injection volume of a labeled sample at 2.1 mM, we determined the optimal injection amount was 29.4 nmol. Figure 3B shows a representative ion chromatogram of a 13 C-/ 12 C-labeled mixture. Many peaks were detected across the separation time window with high signal-to-noise (S/N) ratios, demonstrating that dansylation labeling enabled sensitive detection of metabolites in rat plasma. Figure 3C shows a mass spectrum at the molecular ion region of a pair of protonated molecules from a differentially labeled metabolite, dansyl (dns)-serine. The peak intensity ratio (m/z 339.1023 vs. m/z 341.1087) reflects the relative concentration of this metabolite in the 12 C-labeled sample vs. the 13 C-pool. From the 468 sample runs, we detected 3893 peak pairs or metabolites with an average of 2284 ± 204 (n = 468) pairs per run. Figure 3D shows the number of pairs detected as a function of percentage of common pairs found in the cumulative runs. As Fig. 3D shows, 2923 pairs (75.2% of the total number) were commonly detected in more than 50% of the runs, demonstrating that a large number of metabolites could be consistently quantified using dansylation LC-MS. 444 pairs were detected in all the samples from 39 different groups. There were biological and technical reasons of not detecting all the metabolites in all the samples. The biological reason was related to the lower concentrations of these missing metabolites in some groups of samples that fell below the threshold of detection. The technical reason was due to ion suppression or matrix effect on the detection of these metabolites; the labeled metabolite pairs might co-elute with other compounds and were suppressed by the presence of other compounds in a specific sample or a group of samples.
By searching the 3893 peak pairs against the dansyl standard library consisting of 273 labeled standards 33 with the use of mass tolerance of 10 ppm and retention time (RT) tolerance of 60 s, 48 metabolites were positively identified based on mass and RT matches (see Supplemental Table S1A for the list). Using MyCompoundID MS search 34 based on accurate mass of peak pairs with mass tolerance of 10 ppm, 1054 pairs were matched to metabolites in the HMDB library (see Supplemental Table S1B ) and 1824 pairs matched to metabolites in the predicted human metabolite library (EML) with one reaction (see Supplemental Table S1C ). While mass-match alone does not identify a metabolite, these matches should be useful to provide a hint of possible structures that may lead to eventual identification after the standards of the matched structures become available. If the peak pair is not mass-matched to any library structure, there is no structure to work with, which would present a major challenge in standard preparation or MS/MS spectral interpretation. Thus, out of the 3893 pairs, a total of 2878 pairs (74.0%) could be either positively identified or mass-matched to some structures. The above results indicate that dansylation LC-MS can be used to detect and quantify a large number of metabolites in rat plasma samples.
Pathological results. Figure 4 shows the images of rat joint tissues at week 6 stained by Hematoxylin and Eosin ( Fig. 4A-C) and Safranin O Staining (Fig. 4D-F) . Comparing to the normal group (Fig. 4A,D) and the sham operation group (Fig. 4B,E) , the joints from OA group (Fig. 4C,F) at week 6 showed the death of chondrocyte, loss of intercellular matrix and thinning or destruction of the cartilage layer. Thus, drug treatment was administered orally starting at week 6 and continued once a day until week 14 (i.e., the end of the experiment). The rat joint tissues at week 14 stained by Hematoxylin and Eosin are shown in Metabolomic analysis of OA development and progression. Based on the pathological results, the rat model for OA development and progression was established before drug treatment started. We determined the OA-related metabolite biomarkers by comparing the metabolomes of different groups of rat samples. Figure 5A shows the PCA plots of three groups (normal, sham and OA) (R 2 X = 63.3% and Q 2 = 45.6%) over a period of 6 weeks (3 time points), while Fig. 5B shows the OPLS-DA plot of the samples (R 2 X = 62.4%, R 2 Y = 91% and Q 2 = 87.3%). As shown in Fig. 5B , the OA group is clearly separated from the normal and sham groups at weeks 2, 4 and 6. The normal and sham groups show clear separation at week 2, due to operation-induced metabolomic changes at the beginning of the experiment. The two groups become less separated, corresponding to gradual recovery of rat from the surgery-related injury.
Since we were interested in discovering potential biomarkers related to OA development and progression, we performed various binary comparisons of normal, sham and OA groups. The normal control group did not undergo any operation and thus the metabolic changes over 6 weeks should only reflect the normal ageing of rat. The sham control group had the operation like the OA rats and thus any metabolic changes should reflect From these volcano plots, we determined the significant metabolites (≥ 1.2-fold-change and p ≤ 0.05) separating the two groups in each comparison. We used the 1.2-fold threshold as it has been shown in previous studies from replicate analysis of different ratios of comparative samples that dansylation LC-MS could determine ratios with relative standard deviations (RSDs) and errors of < 20% 23 . From the list of significant metabolites found in week 2 to week 6 comparisons, the common significant metabolites found in all the comparisons were determined. Supplemental Table S2 shows the list of the common significant metabolites with fold-changes found from sham vs. normal (Table S2A) , OA vs. normal (Table S2B) , and OA vs. sham (Table S2C) . We prioritized the list according to their trend of fold-changes as a function of increasing time. We were particularly interested in the metabolites with their levels changed gradually over the time. Other metabolites not following a particular pattern of change were more difficult to be used as time-dependent biomarkers and thus were not considered further in this study. In this regard, finding the time-dependent biomarkers was greatly enabled by CIL LC-MS's capability of performing relative quantification with high accuracy and precision.
From the comparison of the three lists of metabolites showing a particular pattern of change over the time, we found the metabolites with level changes due to operation (from sham vs. normal) (see Supplemental Table S3A ), due to operation plus OA (from OA vs. normal) (Supplemental Table S3B ) and due to OA (from OA vs. sham) (Supplemental Table S3C ). To increase the chance of finding more biomarkers, we retained the metabolites with one-missing in one of the time points and one-missing in one of the three groups with due consideration that the technical limitation might cause missing detection of a ratio value in one of the replicate samples. In principle, the metabolite list in Table S3B should be a combination of the lists in Tables S3A and S3C . However, some synergic effects from operation and OA may cancel out some of the metabolites. Since we were particularly interested in OA-related metabolite level changes, we focused on the list shown in Supplemental Table S3C . The changes of these 110 metabolites were deemed to be caused by OA and thus these metabolites may be used as potential OA biomarkers.
Metabolomic analysis of OA treatment. To determine the metabolomic changes associated with the treatment of the OA rats, we compared the metabolome data generated from the sham group at week 14, the OA group without any treatment at week 14, and the OA groups with different treatments from week 8 to week 14 . Figure 6A -D shows the OPLS-DA plots of the six groups with treatments using Drug A to D, respectively (Treatment A: R 2 X = 30.9%, R 2 Y = 96.3%, Q 2 = 68%; B: R 2 X = 30.9%, R 2 Y = 96.6%, Q 2 = 71.8%; C: R 2 X = 31%, R 2 Y = 97.2%, Q 2 = 69.2%; and D: R 2 X = 25.7%, R 2 Y = 92.7%, Q 2 = 66.1%). As expected, the OA group without any treatment at week 14 has a large separation from other groups. The four treated groups move closer to the sham group at week 14, indicating a recovery from the disturbed metabolic states before the treatment started at week 6. This is even more evident after excluding the week-14 OA group from the comparison groups. Figure 6E Figure S4 shows the PCA plots (A: R 2 X = 57.7%, Q 2 = 37.5%; B: R 2 X = 58.6%, Q 2 = 38.1%; C: R 2 X = 58.1%, Q 2 = 30.7%, D: R 2 X = 58.2%, Q 2 = 34.9%). As Figure 6E -H shows, the C and D groups are moved closer to the sham group than the A and B groups, suggesting that treatments C and D might be more effective than A and B.
To examine the metabolic changes after treatments, we also used the volcano plots for binary comparisons (see Supplemental Figure S5 for treated vs. sham comparisons). The sham group was untreated with any drug so we can use it as the comparison baseline. The comparison of the individual treatment group (A to D) vs. the sham group should show the metabolic changes due to OA and OA treatment. If the drug treatment is very effective, the metabolomic differences between the two comparison groups should decrease dramatically as a function of time. If OA is completely cured at week 14, then there should not be any difference between the week-14 sham group and the drug treated group; both had the operation so operation-related metabolic changes should be present in both groups. We performed three comparisons for week 8, 10 and 14, respectively, by volcano plots in treatments A-D separately (see Supplemental Figure S5 ) (week 12 was omitted due to misplacement of these samples and thus the lack of the data points for sham at week 12). As shown in Supplemental Figure S5 , the difference between the treated group and the sham group becomes smaller as the time increases, judging from the number of significant metabolites found in each binary comparison. If we compare the number of the significant metabolites found in the four comparisons, i.e., A (561 pairs), B (710pairs), C (336 pairs) and D (385 pairs) at week 14, we see a significant decrease in the treatment C and D groups.
It is clear that both pathological imaging results and the metabolomic analysis data suggest that treatments by Drugs A to D had different outcomes for OA treatment in the rat model. While the combination of glucosamine and Celebrex is used for the treatment of pain and inflammation after acute injury or surgical procedures, the molecular mechanism of Chinese herb formula for treating OA is unclear, despite their wide use in Asia. Traditional Chinese medicines are thought to be useful in nourishing the kidney function which may in turn strengthen the tendon and bone 31 . In order to find metabolite markers that can potentially be used for monitoring the progress of OA-treatment or OA-curing, binary comparisons were first made between the week-8 treatment groups (from A to D) and the week-14 treatment groups (from A to D) to determine the significant metabolites differentiating the early treatment groups and the week-14 treatment groups (A to D) which was the end point for a treatment. Supplemental Figure S6 shows the Venn diagram for comparing these metabolites. To increase the chance of finding the potential OA-treatment or OA-curing biomarkers, we retained the metabolites with none or one ratio missing in one of the time points and none or one ratio missing in one of the treatment samples. In total, 169 metabolites were deemed to be the biomarkers for OA-treatment (see the list in Supplemental Table S4 ).
Metabolite biomarkers of OA development and OA treatment. We used PCA and OPLS-DA plots to examine the metabolome differences of different rat samples, as discussed above. Each data point in a plot reflects the overall metabolome of a sample and the location of a data point in a plot can be influenced by a number of different combinations of metabolite level changes. The changes of individual data point in a plot as a function of time (e.g., tracking the progression of OA development or treatment) may be due to the changes of different sets of metabolites. For monitoring the disease progression or the progress of disease treatment, we would preferably use the same set of biomarkers. Ideally these biomarkers are detectable in all the samples, allowing the generation of a time-course plot of their level changes. In our experimental design, from the comparison of the OA samples and their controls, a list of significant metabolites likely related to OA can be determined (i.e., OA biomarkers). From the OA treatment data set, we can examine whether these metabolites are actually responding to a treatment and thus may be the potential biomarkers to determine the efficacy of drug treatment of OA (i.e., OA-curing biomarkers).
Comparing the lists of OA-markers (Supplemental Table S3C ) and OA-curing-markers (Supplemental Table S4 ), we narrowed down the common metabolites to 11 correlated markers (see the list in Supplemental Table S5) which were detected at all the time points and displayed a pattern of level changes (increase or decrease) as a function of time. As it is shown in the last two columns of Supplemental Tables S5, 9 of these potential biomarkers were detected in all the 468 runs, while one was detected in 100% of the 234 samples and 98.8% of the runs (i.e., one of the replicate runs in one sample missed the detection of this metabolite) and another one was detected in 99.6% of the 234 samples and 88.7% of the runs. In our analysis, if the fold-changes did not vary as a function of time (week 0 to 14), these metabolites were not considered to be good candidates of OA-development and OA-treatment biomarkers. On the other hand, if the changes were significantly altered (e.g., the large difference in OA vs. sham was reduced to no difference in treated vs. sham at week 14), these metabolites were considered to be useful biomarkers. Note that for these 11 potential biomarkers, the same patterns of level changes were observed when we assumed that no sample normalization was done (i.e., replacing the measured ratio values with the ones factored in the normalization factors used in individual sample normalization). Thus, for plasma sample analysis, without sample normalization, the measured concentrations of these metabolites could still be useful for differentiating different groups.
Out of the 11 potential biomarkers, three of them were positively identified using the library of dansyl standards, i.e., gamma-aminobutyric acid (GABA) (#1), 2-aminoadipic acid (2-AAA) (#3) and saccharopine (#8). Three dipeptides, proline-phenylalanine (#9), phenylalanyl-glutamine (#10) and proline-tryptophan (#11), were confirmed using standards purchased from AnaSpec (Fremont, CA) and Toronto Research Chemicals (Toronto, ON).
Five metabolites (#2, #4-7) could not be identified. However, these five metabolites have somewhat related structures, as their masses are 14-Da apart (159 Da for #2, 173 Da for #4-6, and 187 Da for #7). Metabolites #4-6 are likely positional isomers as their retention times are very close to each other. Interestingly, by searching the lower mass region (− 28 Da or − 14 Da), we found peak pairs at m/z 131.059 and 145.074 in our data set. These two lower mass peaks could be matched to glutamic acid 5-semialdehyde and 2-aminoadipic acid 6-semialdehyde, respectively. By searching the predicted human metabolome library (EML) with one reaction using MyCompoundID MS search, we found that metabolite #2 could be an oxidation product of 2-aminoheptanoic acid (2-AHA) (e.g., 2-aminoheptanoic acid 7-semialdehyde), metabolites #4-6 could be the oxidation products of 2-aminooctanoic acid (2-AOA), and metabolite #7 could be the oxidation product of 2-aminononanoic acid (2-ANA). Their proposed structures are shown in Supplemental Figure S7 . A plot of five masses with 14-Da apart as a function of retention time is shown in Supplemental Figure S8 . This plot shows that these five masses fell into a linear line, again suggesting that their corresponding structures be very likely related (i.e., extension of the chain length).
The proposed structures for #2, #4-7 would be the oxidation products of longer chain unusual amino acids. Out of the three, 2-aminooctanoic acid has been reported to be present in plasma of patients following Roux-en-Y gastric bypass surgery and its level was increased after surgery 35 and in various tissues of cow 36 . A related metabolite, N-acety-2-aminooctanoic acid, was found to occur in human urine and was considered to be a normal metabolite in healthy individuals 37 . Because of the significant improvement in detection sensitivity in dansyl LC-MS, it should not be surprised to see the detection of the metabolic products of longer chain unusual amino acids. The ESI-TOF MS used in this work did not allow us to produce MS/MS spectra for further structural characterization. Nevertheless, the accurate mass and normalized retention time information of these metabolites are provided in Supplemental Table S5 . Future expansion of the dansyl standard library may allow the positive identification of these metabolites. Finally, it is worth commenting on the potential of using metabolite biomarkers to examine the OA treatment efficacy. We compared the metabolomic profiles of week-14 A, B, C or D treated group vs. week-14 sham and found the number of non-significant pairs to be 2258, 2088, 2456 and 2405, respectively, and the number of significantly different pairs to be 561, 710, 336 and 385, respectively. As it was discussed earlier, treatments A and B had a similar outcome and treatments C and D had a similar, but better outcome than A and B. To look for the biomarkers differentiating the more effective treatments C and D from the less effective treatments A and B, we determined the significant metabolites found from common pairs of A and B (week-14-AB) vs. week-14-sham, common pairs of C and D (week-14-CD) vs. sham, and week-14-AB vs. week-14-CD. As Supplemental Figure S9 shows, there were 21 significantly different peak pairs in common from these three comparisons. None of these pairs could be matched to the dansyl standard library; however, all of them could be matched to metabolites in either HMDB or EML library (see Supplemental Table S6 ). Supplemental Figure S10 shows the box-plots of these 21 common metabolites for differentiating week-14-CD from week-14-AB. It is clear that these metabolite levels were different in treatments C and D vs. A and B and could be used as potential biomarkers of indicating OA treatment efficacy. However, their definite identities are unknown.
Discussion
Metabolomic characterization of biospecimens collected from animal models can be used to study disease biology and pathogenesis as well as develop therapeutics for treatment and management of diseases. To reveal changes of metabolic networks and discover potential biomarkers for monitoring disease progression and treatment, quantitative and high-coverage metabolomic analysis is important. NMR can be quantitative, but not very sensitive, which limits the number of metabolites that can be monitored. GC-MS, capillary electrophoresis (CE)-MS and LC-MS offer higher sensitivity than NMR, thereby increasing the number of detectable metabolites 38 . However, matrix and ion suppression effects can limit the number of quantifiable metabolites. High-performance CIL LC-MS uses differential isotope labeling to carry out accurate and precise relative quantification of metabolites in comparative samples. Moreover, using a properly designed derivatization reagent to label the metabolites, detection sensitivity can be significantly improved, resulting in high coverage analysis of a submetabolome 23, 39 . The limitation of CIL LC-MS is that one labeling reaction only targets a common functional group within a chemical-group-based submetabolome and thus several labeling reactions are needed in order to profile the entire metabolome. In this work, we examine the applicability and performance of dansylation isotope labeling LC-MS for the characterization of the plasma metabolome of a rat model of surgically induced osteoarthritis (OA). The workflow presented herein should be generally applicable to other animal model studies where time-course monitoring of metabolomic changes is required.
One major benefit of high-coverage profiling of metabolomic changes in monitoring disease progression and treatment is that a large number of common metabolites can be quantified in the samples collected from many groups and time points. From the 468 sample runs, a total of 3893 metabolites could be detected and, among them, 2923 metabolites were consistently detected in more than 50% of the runs. This metabolomic data set could be used to separate different groups of rats to monitor OA development and track the progression of OA treatment. We note that while a threshold of retaining metabolites detectable in 80-90% of the sample runs is more commonly used in two-group comparison, we had a total of 39 different groups in all the samples and thus used the 50% threshold in order to reduce the risk of excluding some significant metabolites that might be present only in a few groups of samples. We used the combined analyses of PCA/OPLS-DA, volcano plots and time-dependent intensity-ratio plots to determine the usefulness of initially picked significant metabolites as potential biomarkers. The application of 50% threshold appeared to be effective in filtering out any exogenous compounds from drugs or Chinese medicines in the list of retained peak pairs, as judged from non-existence of any retained peak pairs that would be detected in plasma samples prior to drug administration and not detected in samples after drug administration.
We selected four drugs for OA treatment as a demonstration of tracking disease treatment by different intervention regimens. One (Drug D) was a combination of glucosamine and Celecoxib commonly used world-wide for managing OA, while the other three drugs (Epimedii folium as Drug A, Chuanxiong Rhizoma as Drug B, Bushen-Huoxue as Drug C) were traditional Chinese medicines more commonly used in China and other regions of Asia. Both pathological imaging results and the metabolomic data via PCA and OPLS-DA analysis suggest that these drug treatments had different outcomes in the rat model. Treatments C and D were more effective than A and B.
Pair-wise comparisons of different groups using volcano plots indicated that many metabolites were significantly altered by OA. Among them, 11 metabolites were selected for in-depth characterization as potential biomarkers of OA development and OA treatment in the rat model. Overall, the 11 metabolite biomarkers had a significant increase in concentration after surgery and their levels were close to the sham level after drug treatment. As an example, Fig. 7 shows the level changes (i.e., peak pair intensity ratio relative to the pool) of three biomarkers, 2-aminoadipic acid, saccharopine and GABA, during the whole study period; the changing patterns of other 8 metabolite biomarkers are shown in Supplemental Figure S11 . The levels of these three biomarkers were elevated after the OA surgery, but returned to the sham level or close to the sham level after treatment by all four drugs. These metabolites are related to the lysine degradation pathways as shown in Fig. 8 . The other major metabolites (i.e., lysine, 6-amino-2-oxohexanoate, pipecolic acid, 2-aminoadipate-6-semiadehyde and glutamate) were detected, but did not show patterns of changes as the three biomarkers did. Piperideine-2 (or 6)-carboxylic acid was not detected as it cannot be labeled by dansylation.
As shown in Fig. 8, 2 -AAA is an intermediate metabolite in the metabolism of lysine and saccharopine. 2-AAA can also be a degradation product of oxidized proteins. The side-chain amine of lysine in proteins is known to undergo oxidation under oxidative stress in cells and tissues and the modified proteins can be degraded to form aminoadipic semialdehyde which can be further oxidized to form 2-AAA 40 . Protein oxidization is associated with many human diseases including cancer, neurodegenerative disorders and diabetes 41, 42 . Proteomics approach has now been widely used to search for new oxidative modifications in proteins, study the role of oxidization in proteins on cellular signal transduction pathways to understand disease pathogenesis and progression, and determine the usage of analyzing protein oxidization as potential biomarkers of human diseases [43] [44] [45] . Direct analysis of 2-AAA, instead of analyzing oxidized proteins, has been used to determine 2-AAA as a biomarker for autoimmunity and age-associated changes in human collagen 46 . 2-AAA was reported to a biomarker for diabetes risk and a potential modulator of glucose homeostasis in humans 47 . In a study of the dietary effect on long-term health including diabetes risk, 2-AAA was measured in human plasma along with several other metabolites and found to be 1.6 times higher after the beef meal than after the baked herring meal 48 . The level of 2-AAA was also found to be elevated in plasma of individuals with Alzheimer's disease and mild cognitive impairment 49 and prostate cancer tissue 50 . In a recent study of the role of gut microbiota in rheumatoid arthritis (RA), the level of 2-AAA was found to be increased in plasma samples of RA patients, compared to controls, and correlated with the abundance of Collinsella and production of the proinflammatory cytokine IL-17A 51 . Saccharopine is another potential biomarker for OA development and OA treatment. It is formed by condensation of lysine and alpha-ketoglutate. It can be degraded to aminoadipic semialdehyde (AASA) by lysine-ketoglutarate reductase/saccharopine dehydrogenase (LKR/SDH), which can further be converted into 2-AAA by aminoadipic semialdehyde dehydrogenase (AASADH). The saccharopine pathway has been associated with stress responses in plants, bacteria and mammals [52] [53] [54] . Although the role of the saccharopine pathway in stress response is not well understood, overexpression of AASADH resulted in stress-tolerant plants and animal cells 55 . In Drosophila melanogaster, LKR/SDH has been found to suppress ecdysone-mediated cell death 56 . The saccharopine pathway may thus act either by generating small molecule osmolytes or by producing signaling compounds that regulate stress-response genes 55 . The level of gamma-aminobutyric acid (GABA) in plasma increased from week 0 to week 6 and decreased to near or below the normal level after treatment. GABA is widely known to be an inhibitory neurotransmitter in brain. However, this molecule can also be found in many organs and can be expressed by the immune system 57 . GABA is considered to be effective immunomoldulatory molecule and plays an important role in autoimmune diseases such as type 1 diabetes and rheumatoid arthritis 57 . A recent study of mechanistic aspects of dehydration stress in the American dog tick showed accumulation of GABA in ticks, although its specific role is unknown 58 . Another work of relating stress with GABA level was reported in a metabolomic study of soybean leaves with iron deficiency. GABA and several other metabolites were found to have significantly higher levels in the treated leaves 59 . GABA was rapidly produced in response to biotic and abiotic stresses 60 . While the proposed structures of metabolites #2 and #4-7 are highly speculative, oxidation products of longer chain amino acids seem to fit well the above notion of oxidative stress related metabolic changes in OA development and OA treatment. Taken together, our results indicate that metabolic changes in lysine degradation pathways and likely other longer chain unusual amino acid degradation pathways may serve as potential small-molecule biomarkers of oxidative stress in inflammatory response in OA development and OA treatment.
From the above discussion, it is clear that there were reports of concentration level changes of these potential biomarkers induced by various forms of stress in other systems. Thus, it is not surprising to detect their level changes in OA where the joints are under severe stress including oxidative stress. However, we caution that because the level of 2-AAA and other metabolites discussed above can be affected by other diseases and, in some cases such as 2-AAA, by diet, the specificity of these metabolites used alone as an OA biomarker needs to be carefully investigated with well-characterized sample cohorts such as those without any other diseases that may contribute to the OA-biomarker level changes. The use of a panel of metabolite biomarkers related to OA may increase the specificity for OA diagnosis or prognosis. We would also like to note that, while direct comparison of our results to some of the reported findings is difficult as different methods and sample types were used, we did observe an increase in the ratios of valine/histidine, leucine/histidine and isoleucine/histidine for the OA group at week 14, compared to the control group (week 14 sham group) (Supplemental Figure S12) , which is consistent with the findings reported by Zhia et al. in the human samples 19 . In summary, we have developed a method based on CIL LC-MS for metabolomics study of animal models to monitor disease progression and treatment. Applying this method for plasma metabolome profiling of OA rat model, a number of metabolite biomarkers related to OA development and OA treatment were found. Future work will be focused on using human samples to determine whether these significant metabolites could be used as biomarkers for OA diagnosis and OA treatment monitoring in humans. From the technical development point of view, using other chemical labeling reagents targeting other groups of submetabolomes should further increase the overall metabolomic coverage, thereby increasing the possibility of finding more and better biomarkers.
Materials and Methods
Workflow. Figure 2 shows the overall workflow for metabolomics of OA rat models using CIL LC-MS.
Differential isotope labeling was used for relative quantification of individual metabolites in comparative rat plasma samples. The 12 C-dansyl labeled samples were analyzed by LC-UV to measure the total concentration of labeled metabolites in each sample for sample amount normalization. Based on the total concentration, an appropriate volume of an individual unlabeled sample was taken to mix with an equal mole amount of other unlabeled samples to generate a pooled sample which was then labeled by 13 C-dansylation. An equal mole amount of the Scientific RepoRts | 7:40543 | DOI: 10.1038/srep40543
12 C-labeled individual sample and the 13 C-labeled pooled sample was mixed for LC-TOF-MS analysis. A quality control (QC) sample was prepared by mixing an equal amount of the 12 C-labeled and 13 C-labeled pooled samples and injected to LC-MS after every 10 sample runs. After peak pair extraction, MS-peak-intensity ratio calculation, zero-fill of missing values, and IsoMS-Quant to determine the chromatography-peak-intensity ratio of a 12 C-/ 13 Cpair, a metabolite-intensity table was produced in which the ratio values reflected the relative concentration differences of a given metabolite in the samples. Because the pooled sample serving as a global internal standard and an individual sample were processed in the same manner using differential isotope labeling, and after mixing the 12 C-/ 13 C-labeled individual metabolite pairs were subjected to the same matrix and ion suppression effects in LC-MS, accurate and precise relative quantification results based on peak ratio values could be generated. Finally, the metabolomic data were subjected to statistical analysis for grouping as well as determining significant metabolites contributing to the separation of different groups.
Materials. Celecoxib capsules (Celebrix) were purchased from Pfizer Inc. (New York, USA). Glucosamine hydrochloride capsules were purchased from Bright Future Pharmaceutical Laboratories Ltd. (Hong Kong, China). Epimedii folium and Chuanxiong Rhizoma were purchased from Huadong Pharmaceutical Co. Ltd. (Hangzhou, China), and identified by Prof. Ru-Song Zhang, Pharmaceutical College, Zhejiang Chinese Medical University, Hangzhou, China. The extract of Bushen-Huoxue Chinese herb couple was prepared from these two medicinal herbs with a weight ratio of 1:1, refluxed twice with 10-fold 50% ethyl alcohol for 1 h, and the filtrates were combined and concentrated to a final concentration of 2 g/mL.
Rat models and sample preparation. For the rat model study, Zhejiang Chinese Medical University Animal Care and Use Committee approved the procedures for the animal experiments and the methods were performed according to the approved guidelines.
The OA group, the pathological evaluation group and the drug treatment groups were made osteoarthritic by transecting the anterior and posterior cruciate ligaments and removing the meniscus. The sham operation group only cut the joint capsule and opened the joint cavity, without cutting the anterior cruciate ligament and damage meniscus. All surgery animals received 400000 units of penicillin antibiotics once daily for 3 days postoperatively.
The drug treatment groups were administered orally daily from day 42 (6 weeks) after the surgery and continued once a day until day 98 (14 weeks) of the experiment. The concentration of each of the three traditional Chinese medicine extracts was 2 g/mL, and the concentration of glucosamine and Celebrex were 0.05 g/mL and 0.006 g/mL, respectively. Groups A-C had the dose of 2 mL/100 g and Group D had the dose of 2 mL/100 g. The normal, sham operation and OA groups were only administered orally with equal volume of saline solution.
Two rats from the pathological evaluation group were randomly selected at a certain day from the start of the study and used to evaluate histopathology at week 0, 2, 4, 6, or 8. All rats were anaesthetized with chloral hydrate (400 mg/kg i.p.), killed by cervical dislocation and exsanguinated at week 14. The tissue sections were stained with hematoxylin and hematoxylin-eosin for pathological examination at week 14. The plasma samples were collected from the normal, sham operation and OA groups at week 0, 2, 4, 6, 8, 10, 12, or 14. For the drug treatment groups, samples were collected at week 8, 10, 12, or 14. Blood withdrawal was done utilizing orbital sinus and blood was placed in a heparin tube. Plasma was prepared by centrifugation at 4000 rpm for 10 min at 4 °C and then frozen at − 80 °C before use.
Dansylation labeling. The light-chain reagent, 12 C-dansyl chloride (Dns-Cl), was purchased from Sigma-Aldrich (St. Louis, MO) and the heavy-chain reagent, 13 C-Dns-Cl, was obtained from www.mcid.chem. ualberta.ca. The individual samples were labeled separately using 12 C-dansylation. A pooled sample was prepared by mixing the same mole amount of aliquot from each of the samples and then labeled using 13 C-dansylation. For labeling, 30 μ L of plasma was first mixed with 90 μ L cold methanol, vortexed and then sit for 5 min. The sample was centrifuged using Speedvac at 14000 rpm for 15 min at room temperature. The supernatant was taken to a new 1.5-mL plastic vial and dried using Speedvac. The dried sample was then dissolved in 30 μ L of H 2 O and 15 μ L of ACN, followed by adding 15 μ L of buffer (sodium carbonate/sodium bicarbonate buffer at 500 mM with pH 9.4) and 30 μ L 12 C-or 13 C-Dns-Cl solution in ACN (20 mg/mL). The solution was mixed and incubated at 40 °C for 45 min. After that, 10 μ L of NaOH solution (250 mM) was added and incubated for another 10 min at 40 °C to quench the remaining dansyl chloride. In the end, 50 μ L of formic acid (FA) in ACN/H 2 O (425 mM) was added to neutralize the solution. This solution was diluted by adding 10% ACN/0.1% FA at the 1:1 (v/v) ratio.
LC-UV.
For sample normalization, the 12 C-labeled individual samples were separately injected onto LC-UV for quantifying the total labeled metabolites in each sample based on absorption at 338 nm 61 . An Agilent 1290 UPLC system with a photodiode array detector (Agilent, Palo Alto, CA) and a Waters ACQUITY UPLC BEH C18 column (2.1 mm × 10 cm, 1.7 μ m particle size, 130 Å pore size) were used for LC-UV. LC solvent A was 0.1% (v/v) FA in water, and solvent B was 0.1% (v/v) FA in ACN. The fast step-gradient elution profile was as follows: t = 0 min, 15% B; t = 1.00 min, 15% B; t = 1.01 min, 98% B; t = 2.00 min, 98% B; t = 2.50 min, 15% B; t = 6.00 min, 15% B. The flow rate was 500 μ L/min, and the sample injection volume was 2 μ L.
LC-MS.
An Agilent 1290 UPLC system with an Waters ACQUITY UPLC BEH C18 column (2.1 mm × 10 cm, 1.7 μ m particle size, 130 Å pore size) connected to an Agilent electrospray ionization (ESI) time-of-flight mass spectrometer (Model 6230, Agilent, Palo Alto, CA) was used for LC-MS. For the TOF instrument, the ion source conditions were: nitrogen nebulizer gas: 1.38 Bar, dry gas flow: 5 L/min, dry temperature: 325 °C, capillary voltage: 4000 V, end plate offset: 120 V, mass range: m/z up to 1700, and spectra rate: All samples were divided into batches run on different days. A quality control (QC) sample was prepared by mixing an equal amount of the 12 C-labeled and 13 C-labeled plasma, then aliquoted into small vials. A QC run was done every 10 sample runs. The QC runs were used to monitor the instrument performance in terms of chromatographic peak, total ion signals, mass resolution, etc. They were not used to filter out any sample data.
Data processing and analysis. A software tool, IsoMS 62 , was used to process the raw data generated from multiple LC-MS runs by peak picking, peak pairing, peak-pair filtering and peak-pair intensity ratio calculation. The same peak pairs detected from multiple samples were then aligned to produce a CSV file that contained the metabolite information and peak ratios relative to a control (i.e., a pooled sample). Some peak ratio values were missing from different LC-MS runs of the same or different samples due to their low intensities. These peak pairs were not picked by the IsoMS program initially. We used a zero-filling program 63 to search for the missing values in the raw mass spectral data and, if found, a peak ratio was calculated from the mass spectrum and added to the peak ratio table. Finally, IsoMS-Quant was used determine the chromatography-peak-intensity ratio of a 12 C-/ 13 C-pair 64 . The final peak ratio file containing metabolites consistently detected in more than 50% of the sample runs was exported to SIMCA-P+ 12.0 software (Umetrics, Umeå, Sweden) for multivariate statistical analysis. PCA and OPLS-DA were used to analyze the data. Metabolite identification was performed based on mass and retention time match to the dansyl standard library using DnsID 33 . Putative identification was done based on accurate mass match to the metabolites in the human metabolome database (HMDB) (8,021 known human endogenous metabolites) and the Evidence-based Metabolome Library (EML) (375,809 predicted human metabolites with one reaction) using MyCompoundID 34 . The mass accuracy tolerance window was set at 10 ppm for database search.
